We constructed a survey system of radon/methane/nitrate/salinity to find sites of 2 submarine groundwater discharge (SGD) and groundwater nitrate input. We deployed 3 the system in Waquoit Bay and Boston Harbor, MA where we derived SGD rates using a 4 mass balance of radon with methane serving as a fine resolution qualitative indicator of 5 groundwater. In Waquoit Bay we identified several locations of enhanced groundwater 6 discharge, out of which two (Childs and Quashnet Rivers) were studied in more detail. 7
Introduction 18
Recent estimates suggest that groundwater discharge into coastal waters 19 worldwide represents up to one tenth of the total river flow, in some areas it might be as 20 high as one third of the river discharge (Moore, 1996; Dulaiova et al, 2006) . Expanding 21 residential and commercial near-shore development is leading to increased nutrient inputs 22 to groundwater that eventually migrate into to coastal waters. Several-decades long 23 research shows that nitrogen inputs via non-point sources over large coastline areas cause 24 decline of ecological health and may support harmful algal blooms (Valiela et al., 1990 ; 25 1992; Slomp and Van Cappellen, 2004 ; Lee and Kim, 2007; Umezawa et al., 2008) . 26
Current methods to directly measure submarine groundwater discharge (SGD) 27 and corresponding nitrogen fluxes (benthic chambers, seepage meters) are inadequate 28 because groundwater discharge is heterogeneous in location and composition, and occurs 29 over large areas (Burnett et al., 2006) . The flow is spatially variable, with water 30 preferentially discharging through conduits in sediments or rocks. Its magnitude is also 31 influenced by temporal variability on tidal and seasonal time scales (Dulaiova et al., 2006 , 32 Kim and Hwang, 2002) . Marine processes like tides and waves, seasonal declines in 33 hydrologic head in coastal aquifers, and dispersion drive seawater into these aquifers. 34
This water eventually discharges back to the surface creating a second, saline component 35 of submarine groundwater discharge that enhances nutrient transport from the land to the 36 coastal zone (Robinson et al., 2003) . 37
Our previous research showed that quantitative estimates of the magnitude of 38 submarine groundwater discharge on a local scale can be obtained from tracer studies 39 (Burnett and Dulaiova, 2003; Burnett et al., 2006) . Due to their enrichment in 40 groundwater relative to surface water, radon and methane serve as universal indicators of 41 both fresh groundwater and recirculated seawater inputs into the coastal zone. Elevated 42 concentrations of these tracers in coastal waters indicate areas where groundwater 43 outcrops to the surface. 44
The utility of 222 Rn as a tracer of total SGD has been demonstrated in a wide 45 range of environments from coastal embayments to the coastal ocean (Charette et al., 46 2008). Rn-222 is a naturally occurring radioactive element with a half-life of 3.8 days. 47
As a non-reactive noble gas its only losses from the water column are due to radioactive 48 decay and evasion to the atmosphere. Because groundwater is in contact with radon 49 emanating aquifer material, 222 Rn activities in groundwater are often about two to three 50 orders of magnitude higher than most surface waters. Groundwater becomes enriched in 51 radon independently of its composition (fresh water or seawater) so radon is a tracer of 52 total SGD driven by both terrestrial and marine forces (Dulaiova et al., 2008) . If a 53 groundwater source is present in a coastal environment it is likely to be the only radon 54 input of significant magnitude to surface water, which makes this tracer very useful for 55 identifying areas of groundwater input into lakes, rivers and the coastal ocean (Cable et 56 al., 1996; Burnett et al., 2002; Burnett and Dulaiova, 2003) . 57 Methane has successfully been employed as a tracer of groundwater inputs into 58 near-shore waters along the coast of the northeastern Gulf of Mexico (Bugna et al., 1996 59 and Cable et al., 1996) , Florida Bay (Corbett at al., 2000) , Long Island (Dulaiova et al., 60 2006), and Korea (Kim and Hwang, 2002) . Being subject to biological processing, 61 methane is not a conservative tracer though it has proven to be useful where its 62 concentration in groundwater highly exceeds methane inventories in the water column. 63 using radon monitors have been previously applied (Burnett and Dulaiova, 2003) but 66 only as qualitative surveys to identify SGD hot-spots; none of these studies derived 67
quantitative SGD rates -a major goal of the research described herein. The objectives of 68 our study were to: 1) construct a radon/methane/nitrate mapping system that measures the 69 concentrations of these components in the surface water in-situ with an increased 70 resolution over conventional systems, 2) use tracer data to identify SGD hot-spots and 71 develop a model for its quantitative determination, and 3) assess the importance of SGD 72 with regards to coastal nitrogen budgets and non-point source pollution. 73 74
Methods 75
Our mapping system consists of several component instruments. One of these 76 instruments is a modified radon surveying system (Dulaiova et al., 2005) , which consists 77 of 3 commercially available radon-in-air analyzers (RAD7, manufactured by Durridge, 78
Inc., Massachusetts) employed to measure 222 Rn from a continuous stream of water 79 passing through an air-water exchanger that distributes radon from the running water to a 80 closed air loop. The exchanger, which takes about 15 minutes to reach full equilibrium in 81 the loop, causes a relatively slow response to changes in radon activities in water. The 82 other disadvantage of the exchanger is that it has a memory-effect due to sluggish 83 flushing of radon from the closed loop. To improve the response time of the system we 84 replaced the air-water exchanger with a membrane contactor (Liquicel, manufactured by 85 Membrana), which is a set of hollow fibers made of a hydrophobic membrane that allow 86
In these studies nutrients samples were hand-collected, filtered and kept frozen until 134 analysis. Concentrations of phosphate, nitrate, ammonium, and silicate in hand-collected 135 samples were measured colorimetrically, using a Lachat nutrient auto-analyzer (Hach, 136
Quickchem© 8000 Series). 137 138
Study sites 139
We deployed the mapping system in Waquoit Bay, MA ( We demonstrated that the continuous radon monitor equipped with the membrane 200 contactor has quicker response and less memory effect than the traditional system, 201 providing better sensitivity to changes in surface water radon activities (Fig. 2) . In 202 laboratory conditions the new Liquicel-RAD7 design minimizes response latency 203 because radon is flushed from the system about 4 times faster than from the air-water 204 exchanger (Fig. 2) . 205
Similar results were demonstrated during a field survey in Waquoit Bay where we 206 deployed the two radon measurement systems simultaneously. Figure 3a shows that the 207 system equipped with the membrane responded to radon increases by 5 minutes, and 208 decreases about 15 minutes quicker than the system attached to the air-water exchanger. 209
Despite the Liquicel membrane's advantages for high-resolution radon sampling, it is 210 disadvantageous in that it requires a much more rigorous calibration of radon stripping 211 efficiency with temperature and water flow-rate than the air-water exchanger. 
SGD rates derived from tracers 217
Unlike radon, methane is a non-conservative gas and its concentration may be 218 influenced by microbial and biochemical processes during which it can be produced or 219 consumed in the sediments and water column. It is therefore only useful in areas where a 220 significant concentration gradient exists between groundwater and surface water, in 221 principle, when there is enough anaerobic organic matter decomposition in the aquifer. We convert all radon and salinity measurements from our surveys into SGD 262 fluxes based on the following equations: 263 (1) and (2) is divided by the coastline length (half distance from the 330 previous plus half distance from the following measurement). 331
3) The flushing rate () of the coastal box is considered one tidal cycle 332 (12.25 hours). This is based on our observation from a time series radon 333 measurement in Boston Harbor (Fig. 5 ) that at high tide the radon 334 values follow a baseline open bay activities indicating that the coastal 335 box is flushed with every tidal cycle. We assume the same for Waquoit 336 to winds and currents) our SGD estimate will be conservative. For these 338 reasons our assumption of mixing on the tidal time scale is more 339 appropriate for our calculation than using the flushing rate of the whole 340 harbor/bay which may be ~5-9 days for Waquoit Bay and 5-7 days 341
Boston Harbor (Jiang and Zhou, 2008) , respectively. 342 4) Groundwater Radon (A gw ): We used a groundwater end-member radon 343 activity that was derived during a concurrent study of the subterranean 344 estuary (STE) at the head of Waquoit Bay (Dulaiova et al., 2008) which 345 was dedicated to the description of radon activity across the whole 346 salinity gradient in the STE over 3 years. In this study we concluded 347 that fresh groundwater has 120±40 dpm L -1 radon year round, while the 348 recirculated seawater has 410±190 dpm L -1 . Based on the seasonal 349 changes occurring in the STE 150 to 320 dpm L -1 was the most 350 probable groundwater end-member radon activity range for total SGD. 351
We arrived at this value from the expected fresh to saline groundwater 352 ratio in discharging groundwater (Michael et al., 2005 and mixing cause fluctuations in radon activity and we found that the radon inventories 372 were 3,000 and 13,000 dpm m -2 at low tide and 4,700 and 8,500 dpm m -2 at high tide in 373
Quashnet and Childs Rivers respectively. The observed 50% change in inventories is 374 equivalent to 50% difference in the calculated SGD. These findings support that the most 375 sensitive survey can be done at low tide when waters are least diluted and least 376 influenced by mixing losses and we expect the highest SGD. 377
Radon provides an estimate of total SGD but it cannot be used to determine the 378 fraction of fresh vs. saline groundwater discharge. In systems with little or no surface 379 runoff it is possible to use salinity and Eq. (2) to calculate fresh SGD. This calculation 380 uses some of the same terms (, V) and is based on similar assumptions as the radon 381 approach described above. Additional assumptions in Eq(2) are that we neglect salinity 382 changes due evaporation and rain. The salinity increasing effect of evaporative distilling 383
It potentially influenced the salinity of the surface water in our summer season surveys 385 during which the water temperature was warmer (Waquoit Bay Sep06 average water 386 temperature was 24.5 o C and Boston Harbor Jul08 average temperature was 17.3 o C) than 387 during the winter survey (Waquoit Bay Dec06 average water temperature was 3.8 o C). 388
Still, we expect the influence of evaporation to be negligible (<0.1 ppt per tidal cycle; 389 Sumner and Belaineh, 2005) and in the salt balance calculation in Eq(3) we neglect 390 evaporation. 391
Although there are two rivers in Waquoit Bay, they are groundwater fed (Valiela 392 et al., 1990) and we used salinity in this system to calculate a rough estimate of fresh 393 SGD. We could not make the same assumption for Boston Harbor because several rivers 394 and streams deliver significant quantities of freshwater into the harbor. At both sites our 395 SGD estimates also include groundwater delivered to the bay/harbor by gaining streams 396 as these will have higher radon activities and our methods cannot differentiate radon from 397 local and upstream locations. 398
Tracer distributions in Waquoit Bay in Aug 06 and Dec 06 are plotted on Figure  399 6. The bay water was much fresher in Dec 06 than Aug 06 and the corresponding radon 400 and methane levels also suggest higher SGD in the winter. Based on these tracers, the 401 major sources of groundwater are in the Childs and Quashnet Rivers, and at the head of 402 the bay. Methane and salinity provide the best resolution and in some regions they 403 exhibit negative correlation suggesting the presence of fresh groundwater discharge 404 (Childs River). Radon provides assurance that the observed methane profiles are of 405 groundwater origin. As expected, the magnitude of SGD follows the radon and methane 406 each value we derived that maximum SGD rates occur in Childs River (5. (Fig. 7) . In general, radon levels were elevated throughout the bay with several SGD 430 hot-spots indicated by high radon in the Inner Harbor and Quincy Bay (red circles on Fig.  431   7) . In some parts of the harbor radon and salinity showed a strong negative correlation 432 suggesting the discharge of low salinity high radon groundwater (Inner Harbor indicates that SGD is variable and the rate doubles in the southeast section of the beach. 449
We expect that this spatial variability in SGD (Fig. 7) *Because nitrogen species water column residence time is highly dependent on 484 seasonality (due to biological uptake), high surface water DIN can be observed before the 485 spring bloom starts when nitrogen is not consumed quickly, and preferably at or around 486 low tide when the groundwater signal is most evident. Therefore rather than comparing 487 absolute concentration differences in coastal waters between summer and winter seasons, 488 one should examine trends in DIN concentrations in correlation with SGD. 489 DIN concentration in Waquoit Bay was much higher in the winter than summer. 490
In the summer, nitrate (the only measured N species) concentrations correspond nicely to 491 variations in SGD throughout the bay (Fig. 8 ) and peak at 6 µM in the Childs River 492 where total SGD rates also peak at 5. with SGD. This may be due to rapid biological nitrogen uptake in the summer when any 496 the winter nitrogen residence time in the surface water is much longer, allowing build-up 498 and more even distribution within the bay (Valiela et al., 1992) . Another explanation is 499 that the nitrate+nitrite concentration is different in fresh and recirculated groundwater and 500 when the relative magnitude of fresh and recirulated groundwater discharge changes so 501 does the nitrate+nitrite concentration of the surface water (Kroeger and Charette, 2008) . 502
To test the association of SGD and DIN inputs in detail, the two sites in Waquoit 503
Bay with the highest SGD rates (Childs River and Quashnet River) were continuously 504 monitored for radon, salinity and nutrients during a period of one low tide-high tide cycle 505 ( Fig. 1 and Fig. 9 ). We found that in the Childs River radon activities (4-12 dpm L -1 ) 506
were associated with elevated DIN and low salinity suggesting a fresh groundwater 507 source. This supports our findings from the survey that there is high SGD and 508 groundwater derived nitrate in the Childs River. Other nutrients such as phosphate and 509 silicate exhibited no clear association with radon or salinity so we could not conclude that 510 SGD is their primary source (Fig. 9) . Ammonia was constant throughout the 511 measurement period at ~5 M. In contrast, in Quashnet River radon levels were 512 comparable to those in the Childs River but nitrate concentrations were negligible and 513 DIN consisted almost exclusively of ammonia. Ammonia was at the same level as in 514
Childs River (1-5 M). DIN was not correlated with radon and therefore its source could 515 not be SGD. Phosphate and silicate had the same decreasing trend as radon. 516
The differences between the two sites can be explained by land-use practices in 517 their watersheds as these influence groundwater composition. The Childs River 518
watershed is more urbanized with septic tanks and fertilizers as major nitrogen sources 519 than the Quashnet River watershed. Valiela et al. (1992) found that these urbanized 520 watershed areas significantly influence groundwater DIN concentrations -most 521 significantly nitrate. Our results are in accordance with these findings. 522
Water quality in Boston Harbor improved after the Deer Island wastewater 523 treatment facility discharge was moved offshore in 2000 (Taylor, 2006) . DIN 524 concentrations in the harbor dropped by 50% over the following five years. Currently, the 525 major sources of nitrogen into the harbor are atmospheric deposition, rivers, groundwater 526 discharge, stormwater discharge, combined sewer outflows, and coastal disposal sites 527 Harbor, Dorchester Bay, and Quincy Bay show high SGD and surface water DIN (Fig. 7) . 533
This implies that the source of these nutrients may be groundwater discharge. Sites with 534 moderate SGD rates (i.e. western Dorchester Bay) are also potential sources of 535 groundwater derived nitrogen. Sites that had elevated SGD but low DIN are SE Quincy 536
Bay and Pleasure Bay. At these sites groundwater is not a significant source of DIN into 537 the surface water, despite high discharge rates. These findings illustrate the high 538 
Conclusions 585
By combining radon/methane/nitrate into a survey system we are able to quickly 586 and efficiently create detailed maps of submarine groundwater discharge in coastal 587 embayments. The new methane analyzer provided excellent resolution and response to 588 varying methane concentrations in Waquoit Bay. The enhanced radon monitoring system 589 had improved resolution though use of the membrane contactor interface can become 590 clogged in high particulate environments. We developed a model for converting mapped 591 radon into total SGD fluxes in Waquoit Bay and Boston Harbor and determined areas of 592 significant groundwater fluxes. These data were combined with surface water nitrogen 593 concentrations to identify areas of potential non-point source pollution. Two sites in 594
Waquoit Bay were studied in detail for correlation between nitrate and radon over a tidal 595 cycle and the results confirmed that in Childs River there is high groundwater derived 596 nitrate, whereas Quashnet River has SGD which is not a considerable source of nitrate. 597
All of our results were in good agreement with earlier findings of SGD and the location 598 of nitrogen sources in Waquoit Bay. 599
We identified several sites in Boston Harbor that had significant SGD coincident 600 with elevated surface water nitrogen concentrations, but more detailed investigations are 601 needed to confirm SGD as a nitrogen source. However, our survey results provide basis 602 for further studies. We are confident that the survey system is very effective in revealing 603 areas of non-point source pollution and that this system is suitable for larger scale 604 regional SGD mapping projects. activities in water. First, radon-free water was passing through both systems, after 20 745 minutes the water intake was switched to high radon activity water, and after 55 746 minutes the water intake was switched back to radon-free water. Ten minutes after 747 switching from high radon to radon-free water intake 10% of the radon remains in 748 the Liquicel system. The same 10 % level is reached in the air-water gas exchanger 749 after 45 minutes. 750 
